The status of DYX1C1 (C15q21.3) as a susceptibility gene for dyslexia is unclear. We report the association of this gene with reading and spelling ability in a sample of adolescent twins and their siblings. Family-based association analyses were carried out on 13 single-nucleotide polymorphisms (SNPs) in DYX1C1, typed in 790 families with up to 5 offspring and tested on 6 validated measures of lexical processing (irregular word) and grapheme-phoneme decoding (pseudo-word) reading-and spelling-based measures of dyslexia, as well as a short-term memory measure. Significant association was observed at the misssense mutation rs17819126 for all reading measures and for spelling of lexical processing words, and at rs3743204 for both irregular and nonword reading. Verbal short-term memory was associated with rs685935. Support for association was not found at rs3743205 and rs61761345 as previously reported by Taipale et al., but these SNPs had very low (0.002 for rs3743205) minor allele frequencies in this sample. These results suggest that DYX1C1 influences reading and spelling ability with additional effects on short-term information storage or rehearsal. Missense mutation rs17819126 is a potential functional basis for the association of DYX1C1 with dyslexia.
Introduction
Reading is a normally varying, heritable, neurodevelopmental trait. 1, 2 Epidemiological studies suggest that dyslexia-severe difficulties in acquiring reading, unexplained by educational opportunity or general cognitive ability-affects 5-12% of schoolage children. 3 Genetic studies suggest that this disorder is genetically complex, with at least a dozen genes having a major role in its development, 4 influencing the specific form of dyslexia 5 and underlying normal neurodevelopmental variation in reading and spelling. 6 Chromosome 15 was the first linkage reported for dyslexia 7 and in the subsequent 20 years has been repeatedly confirmed (with some exceptions 8, 9 ), with the region of support moving to focus on 15q15-21.
6,10-16 DYX1C1 is a 78-kb gene located in this region and first implicated as a dyslexia candidate following study of a Finnish family transmitting a chromosomal translocation at 15q21. 1 Sequence variation analyses suggested that two low-frequency polymorphisms were associated with dyslexia: rs3743205 in the regulatory region of the gene and rs61761345, creating a premature stop codon in the coding region.
1 Molecular-developmental support for DYX1C1 as a gene affecting reading was provided from the finding that, in common with the three other candidate dyslexia genes, DYX1C1 is involved in brain development, in particular in neuronal migration 17, 18 and the formation of molecular layer ectopias 19 believed to underlie dyslexia. 20 Despite the translocation and molecular-developmental evidence, and in contrast to KIAA0319 21, 22 and DCDC2 23,24 on 6p22, DYX1C1 has not been compellingly shown as affecting variation outside the Finnish families in which it was discovered. 4 A further limitation on our understanding is that, to date, no functional mutations have been confirmed for any of these four candidates. Finally, KIAA0319 and DCDC2 appear to have significant effects on normal variation in reading, 25, 26 which has not been shown for DYX1C1.
Previous studies of DYX1C1 have rendered mixed results. Wigg et al. 27 analyzed six single-nucleotide polymorphisms (SNPs) (rs2007494, rs3743205, rs3743204, rs11629841, rs692691 and rs61761345) in 148 young (aged 6-16 years) probands and their siblings and parents where available. This group found a significant effect of rs61761345, but in the reverse direction to that reported by Taipale et al. Quantitatively, rs61761345 was related to measures of both regular and irregular word reading, as well as to rapid automated naming and nonword repetition. Wigg et al. also reported significant association for rs11629841 and for haplotypes involving this SNP (rs11629841/rs3743204 and rs11629841/rs692691) as well as for the rs3743205/rs61761345 haplotype reported by Taipale. Dahdouh et al. 28 examined the two markers (rs3743205 and rs61761345) reported by Taipale et al. and additional SNPs in the promoter (rs12899331, rs16787 and rs8043269 (the latter dropped at assay assessment)) and the coding region (rs3743204 and rs600753), a total of 8 SNPs in 366 family trios ascertained based on a X1 s.d. spellingability discrepancy from that predicted from intelligence test scores (IQ). They report their most significant result being restricted to female trios (n = 66), for a three-SNP haplotype spanning rs3743205/ rs3743204/rs600753 (GGG, P = 0.006). This may reflect a sex-limited gene effect, or the higher heritability of dyslexia in females. 29 The effect was mostly accounted for by an association with short-term memory, supporting the finding of Marino et al. 30 that the SNPs reported by Taipale may be related more to short-term memory than to dyslexia. Brkanac et al. 31 recently reported a nominally significant association of rs61761345 in a sample of 191 dyslexic probands, together with their parental and matched unrelated controls.
Scerri et al. 32 in a study of 1153 individuals from 264 families again reported a nominally significant association for the common (À3G/1249G rather than rare À3A/1249T) haplotype, where the 1249GT polymorphism is equivalent to rs6171345. As only orthographic choice (identifying the correctly spelled word in pairs such as sammon-salmon) showed significant association, among the additional phenotypes and SNPs tested, along with the opposite direction of association, these authors suggested that the study should be interpreted as a failure to replicate. Clear null findings have been reported by Cope et al. 33 and Meng et al. 23 Cope et al. genotyped the two significant markers from the original Finnish study and the marker rs11629841 reported by Wigg et al., but found no significant support for any of these markers in 247 UK Caucasian parent-proband trios ascertained based on 8-to 18-year-old probands with a reading delay of > 2.5 years. Meng et al. 23 found no significant support for association at rs3743205 or rs61761345 in 522 individuals consisting of index cases from 150 nuclear families in the Colorado twin study, as well as parents and siblings where available. A further small (n = 57) study also failed to find an association in Italian school children. 34 In modest samples, with high ancestral SNP frequencies, there are often few informative events. The power of these studies to detect the effects of very common SNPs accounting for 2% of variance is only modest. However, the results to date suggest that although DYX1C1 is implicated as a candidate, rs3743205 and rs61761345 are at best a rare cause of reading disability, 21, 23, 32 perhaps specific to the Finnish family or a genetic background. Studies therefore turned to genes in nearby regions, 35 although no candidates have been identified to date, 36 and to the analyses of a small number of additional SNPs in DYX1C1, again without success to date. 37 Thus, although DYX1C1 may be a susceptibility gene for developmental dyslexia, the causal alleles are unknown. Here, we report the first study examining the association of polymorphisms in DYX1C1 with normal variation in reading, examining association at the 2 coding SNPs reported by Taipale et al., 1 and 11 additional tagging SNPs in DYX1C1. On the basis of our hypothesis that dyslexia represents the low tail of a population's reading-ability distribution, we expected to replicate and generalize the association of DYX1C1 polymorphisms with normal reading ability in this large unselected sample.
Materials and methods

Subjects
Twins were initially recruited from primary schools in the greater Brisbane area, by media appeals and word of mouth, as part of ongoing studies of melanoma risk factors and cognition. 38, 39 Data were also gathered from non-twin siblings of twins, with families comprising up to five siblings (including twins). There were two waves to this study: the first in which reading and spelling measures were collected and the second in which language measures (including short-term memory) were added to the existing test battery. Exclusion criteria were parental report of significant head injury, neurological or psychiatric illness, substance abuse or dependence, or current use of psychoactive medication in either twin.
Data were available for 284 dizygotic twin pairs and a further 164 dizygotic families with at least one additional non-twin sibling (203 siblings); and 143 monozygotic twin families; of whom, 74 had an additional sibling and 13 with two siblings. In addition, there were 56 (non-twin) sibling pairings, 9 trios and 1 quadruplet pairing (these included cases of unpaired twins with a sibling), with a further 133 unpaired twins/sibling. Of this sample, 93% had been assessed for the short-term memory phenotype.
The sample is 98% Caucasian, predominantly Anglo-Celtic (B82%) and is typical of the Queensland population on a range of traits including intellectual ability. 40 The age range for this sample was 11 and 26 years, with a mean age of 17.5 ± 3; 47.4% of participants were male. Blood sample was obtained from twins, siblings and from 72.8% of parents for blood grouping and DNA extraction. Zygosity of same-sex twins was diagnosed using nine polymorphic DNA microsatellite markers (AmpF1STR Profiler Plus Amplification Kit, ABI, Foster City, CA, USA) and three blood groups (ABO, MNS and Rh), giving a probability of correct assignment > 99.99%. 41 Ethical approval for this study was received from the Human Research Ethics Committee, Queensland Institute of Medical Research. Written informed consent was obtained from each participant and their parent/guardian (if younger than 18 years) before phenotype and blood collection.
Measures and procedure Regular-word, irregular-word and nonword reading and spelling were assessed using the CORE, 42 a reliable 120-word extended version of the Castles and Coltheart 43 test with additional items included to increase the difficulty level for an older sample. This test was administered over the telephone by a trained researcher. From the language test battery, we focus on WAIS Digit span forward, a measure of verbal short-term memory. 44 Test scores on each of the three reading subtests and three spelling tests were calculated as a simple sum of correct items and were Box-Cox 45 transformed to normalize their distributions. Intelligence was used as a covariate in all cases, as controlling for general cognitive ability has been shown to increase sensitivity for reading ability. 25 As scores on the verbal IQ are confounded with reading ability, performance IQ was used as a covariate, using performance scales from the Multidimensional Aptitude Battery 46 completed by 1064 subjects as close as possible to their 16th birthday (siblings were a year older on average than twins at the time of testing).
Genotyping
Three SNPs typed by Taipale et al.
1 (1259CG, rs61761345/1249GT and rs3743205) and one (rs11629841) by Wigg et al. 27 were selected for typing. An additional 14 tag SNPs were selected by the Tagger program in Haploview (http://www.broadinstitute. org/haploview/). Of these 18, 6 were excluded (including rs11629841) because they failed during the assay design or provided unreliable genotype data. The SNP 1259CG reported by Taipale et al.
1 had a minor allele frequency of only 0.002.
Assays were designed using the Sequenom MassAR-RAY Assay Design (version 3.0) software (Sequenom, San Diego, CA, USA). Forward and reverse PCR primers and a primer extension probes were purchased from Bioneer Corporation (Daejeon, Korea). 47 Genotyping was carried out in standard 384-well plates with 12.5 ng genomic DNA used per sample. We used a modified Sequenom protocol, in which half reaction volumes were used in each of the PCR, Shrimp Alkaline Phosphatase and iPLEX stages giving a total reaction volume of 5.5 ml. The iPLEX reaction products were desalted by diluting samples with 18 ml of water and 3 ml SpectroCLEAN resin (Sequenom) and then were spotted on a SpectroChip (Sequenom), processed and analyzed on a Compact MALDI-TOF Mass Spectrometer by MassARRAY Workstation software (version 3.3) (Sequenom). Allele calls for each 384-well plate were reviewed using the cluster tool in the SpectroTyper software (Sequenom) to evaluate assay quality. Genotype error checking, including Mendelian inconsistencies, and tests of Hardy-Weinberg equilibrium were performed in Pedstats 48 and Sib-pair. 49 
Association analysis
Single-nucleotide polymorphism and haplotype association analyses were carried out with QTDT 50 and Mendel 51 using a family-based association. Both programs allow monozygotic twins to be included in the analysis, although monozygotic twins' phenotypic scores are effectively averaged. In line with previous studies, 1, 27 additive models were considered and were evaluated against the null hypothesis of no linkage or association. Univariate analyses of the traits included the covariates of age (and age squared), sex and performance IQ, all of which were significant at P < 0.001. For a SNP explaining 1% of variance in our traits, under an additive model and against a background sibling correlation of 0.30, we have roughly 97% power (a = 0.05) to detect overall association with a SNP with minor allele frequency above 0.05. 52 The potential effects of multiple testing are critical in association studies, and, in addition to closely attending to both the prior expectations and the specific SNPs and effect directions in earlier studies, significance levels were controlled using matSpD to identify independent SNPs and phenotypes. 53 
Results
Descriptive
Call rates of at least 98% were achieved for all SNPs and Mendelian inconsistencies made up 0.51% of the data. Genotype screening showed that the population was in Hardy-Weinberg equilibrium at all SNPs. Allele frequencies were consistent with previous reports; a minor allele frequency of 0.002 was observed for 1259CG, consistent with Wigg et al.'s report of low polymorphism at this marker (see Table 1 ). The physical locations of the SNPs (and their intermarker linkage disequilibrium (LD)) are schematically presented in Figure 1 .
Results of the family-based association tests for the individual SNPs are shown in Table 1 . Population stratification was significant (P < 0.05) for the following markers (and variables): rs61761345 (regular spelling), rs692690 (nonword reading) and rs3743205 (nonword spelling), but within-family association for these markers and variables was nonsignificant. For all other markers and variables, tests of total association were performed.
Significant association was found between rs17819126 and all three reading measures, as well as irregular word spelling, whereas both irregular and nonword reading showed marginal and significant association, respectively, with rs3743204. The digitsforward measure of short-term memory was significantly associated with the marker rs685935. For the marker rs17189126, the mean effect size was 0.21 s.d., with the major allele conferring poorer reading scores. The rs3743204 major allele was also related to worse performance (mean effect size of 0.11 s.d.), whereas the rs685935 major allele contributed to better digits-forward performance (0.22 s.d.). Correcting the significance level for the number of independent SNPs and phenotypes tested (10 SNPs and 2 phenotypes were identified using matSpD, 53 ), rs17819126 remained significant for nonword reading at the new P-value cutoff of 0.0025.
The two-SNP haplotype (rs61761345 and rs3743205) shown by Taipale et al. 1 to influence dyslexia and confirmed by Marino et al. 30 for shortmemory measures (but not for dyslexia 37 ) was tested with Mendel. We observed similar haplotype 1 The location of the single-nucleotide polymorphisms (SNPs) tested across the 84-kb region of DYX1C1. The gene structure of DYX1C1 is shown with exons numbered from 1 to 10 and relative exon size denoted by the width of the vertical bars. Gray bars denote untranslated regions. Inter-SNP linkage disequilibrium (shown below the gene structure) was generated using Haploview 4.0 (http://www.broad.mit.edu/mpg/haploview) and depicts the r 2 between SNPs. Cells with zero r 2 are left blank for clarity and darker shading represents stronger linkage disequilibrium.
frequencies: GG (0.90), GT (0.03), AG (0.01) and AT (0.06), but none of the tests of association were significant (P-values available on request).
Discussion
Reading disorders and normal variation in learning to read have a very significant public health and social policy impact. On the basis of data translocation and association data, 1 and the role of DYX1C1 in neuronal migration, 17, 18 we examined the association of SNPs and haplotypes within and near the DYX1C1 gene with well validated and theoretically motivated measures of reading, spelling and shortterm information storage in a large (790 families) sample representative of the general population for reading and spelling ability. Among numerous positive attributes of the study were its size, utilization of normally varying and continuous trait measures assessed over multiple measures, and examination of tagging SNPs for DYX1C1 not previously reported and derived from the HapMap 54 and tested in a population of homogenous and appropriate ethnic origin.
Support was found for association with reading ability at the exonic coding SNP rs17819126 as well as at the intronic SNP rs3743204 and, for short-term memory, at the marker rs685935. The results did not support association for the two SNPs reported as associated with dyslexia in Finnish readers. 1 These findings are consistent both with other data, suggesting that the association of markers rs3743205 and rs61761345 identified by Taipale et al. may be specific to the Finnish genetic background 4 and with other data suggesting that DYX1C1 is nevertheless associated with reading disability in non-Finnish populations, 28, 31 as well as with short-term memory. 28, 30 Overall, these data significantly increase support for a role of DYX1C1 in dyslexia and, perhaps separately, in short-term storage of verbal information. 30 These data suggest a new candidate for a functional mutation in DYX1C1; given the known role of DYX1C1 in neuronal migration, 17, 18 the results bolster the early observation of Galaburda et al. 55 that dyslexia may be associated with molecular layer ectopia and microgyria. Marker rs17819126, not typed in previously reported studies and identified here as being associated with reading and spelling, codes for a non-synonymous, exonic protein sequence alteration and warrants the study for its functional role in, especially, neuronal migration. In addition to its coding function in DYX1C1, rs17819126 is in complete LD with two SNPs in RAB27A, a member of the RAS oncogene family, and is in high LD with three SNPs in the nearby gene of unknown function C15orf15. Both RAB27A and C15orf15 may, therefore, warrant further study, as does the unmeasured DYX1C1 coding SNP rs2007494, which is in LD (r 2 of 0.84) with marker rs3743204 (1935 bp away) that was significantly associated with short-term verbal information storage and retrieval.
In addition to a role in neuronal migration, Massinen et al. 56 recently showed that DYX1C1 interacts with both alpha and beta estrogen receptors, with protein levels of these receptors being reduced on overexpression of DYX1C1. The authors also showed DYX1C1 to be expressed along hippocampal neurites in rats. These interactions of DYX1C1 with estrogen occur developmentally, when they can influence neuronal architecture, and also during cognitive function, providing a second pathway for studying the effects of the protein on cognition and plasticity. Interaction with estrogen would also afford a mechanism for sex-specific effects on DYX1C1.
Although it is expected that genes exist which are specific for components of the reading process, 5 most reports on DYX1C1, 27 and other genes to date, 57 have suggested associations that are specific to the domain of reading, but not restricted to a particular subdomain of reading such as lexical storage (assessed by irregular word reading) or grapheme-phoneme conversion (assessed here by nonword reading). 58 The present results suggested some support for specificity for the effect of DYX1C1 for nonword reading, with much stronger evidence for association with nonword reading than for irregular word reading, but markers rs17819126 and rs3743204 showed evidence for association with both subtypes of reading phenotypes, and no support for association with short-term memory. Conversely, rs3743204 was associated with short-term memory, but not with reading measures. It may be that the associations of DYX1C1 with dyslexia and with short-term memory are mediated by distinct functional effects of mutations in this gene, perhaps by impact on tetratricopeptide repeatdomain mediated neuronal migration. 18 Our significant association for short-term memory closely replicates that reported by Dahdouh et al. 28 This group found their result for haplotype rs3743205/rs3743204/rs600753. Of these three SNPS, we measured only marker rs3743204, which, in our sample, was associated with nonword reading, but not with short-term memory (P = 0.82). It is noteworthy that SNP rs685935, which we found was associated with short-term memory, although not typed by Dahdouh et al., is in LD (r 2 = 0.74) with rs600753 (in the Dahdouh short-term memory haplotype).
The present associations were found across sexes, whereas Dahdouh et al. reported that the association of DYX1C1 with reading was significant in female trios only (n = 66). One explanation for this apparent divergence may include our different ascertainment process-we assessed normally varying reading, controlling for performance IQ, where the German sample was ascertained based on a clinically significant spelling-ability discrepancy from that predicted from IQ. If extreme dyslexia is less common in females and more genetic as suggested by Harlaar et al., 59 then less restrictive ascertainment such as used in the present experiment would reduce differences in genetic load between the sexes. The larger sample size in the present experiment would then explain the general finding. Alternatively, because our sample was older, differing developmental trajectories across childhood converging on similar asymptotic levels in adolescence 5, 42, 59, 60 may also contribute to the sex-independent finding reported here. There are, then, now two reports, in two different languages, linking rs3743204 to short-term memory. Our finding suggests that this gene is not sex-limited, but may be more readily detected in younger females compared with young males because of the higher heritability of dyslexia in younger females. 29 The effect was mostly accounted for by association with short-term memory, supporting the finding of Marino et al. 30 that the SNPs reported by Taipale may be related more to short-term memory than to dyslexia.
Finally, as the present findings are derived from normally varying reading ability, they have additional implications for the etiology and biology of reading disability. Containing relatively few reading impaired participants and using a shorter test battery than is normally used in a clinical setting and via telephone rather than face-to-face administration, the present findings add weight to the argument 5, 61 that dyslexia represents the low tail of a normal distribution of reading ability in the population, as supported by the utility of normal samples in genetic research on reading ability and dyslexia in linkage 6 and association 22, 25 studies. The implication then is that the same genes influence both poor and exceptionally able reading ability. These results increase support for DYX1C1 in reading and suggest additional research to identify the specific mechanism of this association, and additional studies to identify possible pleiotropy for short-term memory. The results are compatible with the suggestion that neuronal migration is an important, unifying pathway for dyslexia, guiding future genome-wide association studies focused on pathways for neuronal migration.
